OBJECTIVE -Autonomic nervous system dysfunction, a correlate of obesity and poor cardiorespiratory fitness, is associated with the development of diabetes. We tested whether estimates of autonomic nervous system function improved in the intensive lifestyle versus metformin or placebo arms of the Diabetes Prevention Program (DPP) and whether baseline or a change in autonomic nervous system function was associated with the development of diabetes over 3.2 years.
velop in conjunction with obesity or insulin resistance (1,2). Cross-sectional studies in adults without diabetes provide evidence that markers of autonomic functioning are inversely associated with obesity, insulin resistance, and fasting glucose (3-6). Recent research suggesting that autonomic dysfunction predicts the development of diabetes (7,8) supports the long-held clinical suspicion that autonomic dysfunction is associated with the development of diabetes in healthy adults (9).
Adults were identified as eligible to participate in the Diabetes Prevention Program (DPP) because they were at risk for developing diabetes, most commonly because of existing hyperglycemia and obesity. Thus, it is plausible that many had existing autonomic impairment at baseline in the study. At the conclusion of the trial, there was a significantly lower incidence of diabetes in the intensive lifestyle modification arm compared with that in the metformin or placebo arms (10) . Lifestyle modification involved increasing physical activity and lowering dietary fat intake with a goal of lowering weight. It is not known whether, secondary to weight loss, mechanisms such as improved autonomic function or fitness, which are both inversely associated with diabetes incidence in healthy adults (5, 7, 11, 12) , account for the lower incidence of diabetes in the lifestyle arm of the DPP trial.
Thus, the objectives of our post hoc analysis of the DPP trial were to 1) test whether measures of autonomic function at baseline were related to the development of diabetes in each arm over the course of the study, 2) investigate whether changes in measures of autonomic function over the course of the trial differed by treatment arm, and 3) test whether changes in autonomic function over time were related to the development of diabetes. We hypothesized that changes in autonomic function measures would be most favorable in the lifestyle modification arm of the trial and that those participants with the least favorable autonomic function at baseline and over time were more likely to develop diabetes.
RESEARCH DESIGN AND METHODS -Details of the DPP study design, participants, and primary outcomes have been published previously (13) (14) (15) (16) . In brief, adults aged Ն25 years who were at high risk for developing diabetes (i.e., BMI Ն24 kg/m 2 , fasting glucose 5.3-6.9 mmol/l, and 2-h glucose 7.8 -11.0 mmol/l) were recruited from 27 U.S. clinical centers. The institutional review board at each center approved the protocol, and all participants gave written informed consent.
This analysis includes participants randomly assigned to one of three groups (15) : 1) standard lifestyle recommendations plus placebo twice daily; 2) standard lifestyle recommendations plus 850 mg of metformin twice daily; and 3) an intensive program of lifestyle modification. The goal for lifestyle intervention participants was to achieve and maintain a weight reduction of at least 7% of initial body weight through a healthy, low-fat diet and by engaging in moderate-intensity physical activity such as brisk walking for at least 150 min/week. A detailed description of intervention arms have been published (13) . Study design and analysis were conducted according to the intention-to-treat principle.
Randomly assigned participants were excluded from this analysis for the following reasons: prior history of myocardial infarction (n ϭ 32) or stroke (n ϭ 8) at baseline, inability to calculate heart rate variability (HRV) (n ϭ 180), and use of drugs known to cause heart rhythm disturbances (e.g., specific antidepressants and antihypertensive medications) (n ϭ 45). No participants had a history of atrial fibrillation. There were no differences in exclusions across treatment arms. Remaining participants (n ϭ 2,980) were followed for an average of 3.2 years (maximum 5 years) from June 1996 through 31 July 2001.
Measurements
Electrocardiograms (ECGs) were recorded at baseline and annually throughout the study using MAC PC-DT electrocardiographs (Marquette Electronics, Milwaukee, WI). A 10-s segment of simultaneous ECG leads was sampled at a rate of 250 samples/s. ECGs were transmitted daily to the Epidemiological Cardiology Research Center (WinstonSalem, NC) for analysis and classification using the Minnesota code derived from the NOVACODE ECG program (17, 18) . Multiple editing removed poor quality tracings. Participants whose records indicated frequent premature beats, secondor third-degree atrioventricular block, Wolff-Parkinson-White syndrome, an artificial pacemaker, or Ͻ5 acceptable R-R intervals were excluded from analysis.
Maximum QT duration was measured from simultaneously recorded leads from the earliest onset of QRS to the latest offset of the T-wave in the 12-lead ECG using Marquette GE program version 12SL. Interactive technician/ computer overreading was conducted on 10% of records that were selected because of extreme values. QT duration represents time between the onset of ventricular activation and the end of repolarization, a process thought to be controlled in part by sympathetic input. Longer QT intervals represent greater sympathetic tone. QT intervals were corrected for heart rate using the QT index (QTI) [(measured QT/ predicted QT) ϫ 100, where the predicted QT ϭ 656/(1 ϩ 0.01 ‫ء‬ heart rate) (18) ] and Bazett's correction (QTc ϭ QT/ RR 1/2 ) (19) . The following HRV measures were generated based on the 10-s digital rhythm strip: mean heart rate across all 12 leads (beats/min), the standard deviation of all normal-to-normal R-R intervals (SDNN) (milliseconds), and the root mean square of successive differences between all normal-to-normal R-R intervals (rMSSD) (milliseconds). Heart rate represents both overall autonomic function and cardiorespiratory fitness (20) . SDNN represents joint sympathetic and parasympathetic modulation of heart rate, whereas rMSSD is thought to represent parasympathetic modulation of heart rate. Higher heart rate indicates poor autonomic function and low fitness, whereas lower SDNN and rMSSD represent poor function (21) .
Diabetes was defined according to 1997 American Diabetes Association guidelines (22, 23) . Sociodemographic, anthropometric, and clinical measurements and health behaviors were collected according to standard procedures across study sites (23) .
Statistical analysis
Means and proportions of baseline characteristics were computed for the total population and for the treatment arms. Fixed-effects models with the assumption of normally distributed errors (24) were used to assess differences in ECG indexes over time among the treatment groups. P values for the comparisons between any two-treatment arms were adjusted for multiple comparisons using the Holm procedure (25) , and statistical significance was set at P Ͻ 0.05. Proportional hazards regression was used to assess the effect of baseline and time-dependent ECG indexes on the development of diabetes adjusted for baseline demographics (age, race/ethnicity, and sex) and known risk factors (physical activity and weight). We knowingly adjusted for factors along the causal pathway (i.e., physical activity and weight) because our objective was to determine whether another factor, autonomic function, exerted any independent effects on the development of diabetes. This type of etiologic modeling is cited as a special circumstance in which adjustment for factors along the causal pathway can be appropriate (26) . The timedependent changes in heart rate, HRV index, QT indexes, and weight were entered into the proportional hazards model as the average change experienced, updated for every visit assessment. Hazard ratios (HRs) and 95% CIs for the ECG indexes are presented in terms of a difference in SD at baseline and the SD change during follow-up (i.e., decreases in heart rate, QTI, and QTc and increases in SDNN and rMSSD). All analyses were conducted using SAS version 8.2 (SAS Institute, Cary, NC).
RESULTS -Demographic and clinical characteristics in this sample are similar to previously reported distributions in the DPP population (15) . The average Ϯ SD age of participants was 50.4 Ϯ 10.6 years, 68% were female, and nearly half of the cohort were race/ethnic minorities (African American 20%, Hispanic 16%, American Indian 5.3%, and Asian American 4.2%). Participants' average BMI was 34 Ϯ 7 kg/m 2 , and waist circumference was 104.9 Ϯ 14.5 cm. On average, fasting glucose was 5.9 Ϯ 0.5 mmol/l, HbA 1c was 5.9 Ϯ 0.5%, and systolic and diastolic blood pressures were 124 Ϯ 15 and 78 Ϯ 9 mmHg, respectively.
Over an average of 3.2 years, crude rates of diabetes were 10.6, 7.7, and 5.1 per 100 person-years in the placebo, metformin, and lifestyle arms, respectively, which is consistent with previous reports (10) . There was no association between any of the HRV or QT indexes measured at baseline and incident diabetes. Higher baseline heart rate was modestly, but significantly, related to the development of diabetes in all treatment arms (Table 1) . In the placebo, metformin, and lifestyle arms, each 4.5-kg weight gain over time was associated with a 1.4, 1.5, and 2.4-fold increase in the risk of developing diabetes, respectively. Heart rate remained significantly associated with diabetes development in the metformin and lifestyle arms even after adjustment for weight change and physical activity over time. Additional adjustment for hypertension status did not change the results.
Although ECG indexes were similar across treatment arms at baseline, the magnitude of the average change from baseline was greatest in the lifestyle arm for each of the ECG indexes except QTI (Table 2 ). Figure 1 is a graphic representation of the mean values in ECG indexes (A-F) at each time point over the study period. The lifestyle group experienced lower heart rate and QTc duration, accompanied by higher HRV (i.e., SDNN and rMSSD) compared with metformin and placebo arms. Next, we calculated HRs for developing incident diabetes in each treatment arm if ECG indexes demonstrated the hypothesized increases in SDNN and rMSSD and decreases in heart rate, QTI, and QTc over follow-up, adjusting for the baseline value (Table 3) . After adjustment for demographic characteristics and the baseline ECG index, decreasing heart rate, QTI, and QTc and increasing SDNN and rMSSD were associated with lower diabetes risk in the lifestyle arm. SDNN in the lifestyle arm continued to be associated with a lower risk of incident diabetes when we further adjusted for changes in weight and physical activity over time, whereas a significant effect of heart rate remained in both the lifestyle and placebo arms.
CONCLUSIONS -Over the course of the DPP trial, estimates of autonomic function derived from the 12-lead ECG improved in the lifestyle arm compared with the metformin or placebo arm. Higher heart rate at baseline, representing both poor fitness and impaired autonomic function, was associated with a modestly increased incidence of diabetes. Further, we found that increasing fitness or autonomic function over time, as indicated by lowered heart rate and increased SDNN, was associated with a reduced risk of development of diabetes even after adjustment for changes in weight and physical activity. Although these factors are in the causal pathway between lifestyle modification and incident diabetes, they did not account for all of the observed effects of autonomic function.
Modifying autonomic function
The improvements in estimates of autonomic functioning that we report in the lifestyle arm are plausible given reported associations in clinical and populationbased studies among fitness, physical activity, and autonomic functioning (27) (28) (29) (30) . Nearly three-quarters (74%) of participants in the lifestyle arm of the DPP met their goal of at least 150 min of physical activity per week at 24 weeks after randomization (10) . In a previously sedentary and overweight population, this amount of activity probably improved fitness in addition to inducing weight loss. Unfortunately, we did not have measurements of fitness, such as VO 2max determined by graded exercise treadmill testing, available in the DPP study.
Primary results from the DPP trial indicated a significant reduction in incident diabetes in both the lifestyle and metformin arms, with the greater reduced risk in the lifestyle arm (10) . In this post Data are means (95% CI). *There were no significant differences between baseline ECG indices across treatment arms. hoc analysis, we report little difference in ECG estimates of autonomic function between the metformin and placebo arms. Participants in the metformin arm experienced changes in autonomic functioning that were midway between those in the lifestyle and placebo groups (i.e., QT indexes, SDNN, and rMSSD). The modest protection conferred by metformin may be attributable to its ability to lower blood glucose, which at higher levels contributes to the degradation of autonomic fibers. Findings in the metformin arm suggest that lowering glucose boosts autonomic function. However, additional benefits may be conferred by increasing physical activity and potentially improving fitness as demonstrated by the superior results in the lifestyle modification arm.
Incident diabetes
The hypothesis that autonomic nervous system function precedes the onset of diabetes is biologically plausible because the pancreas is heavily innervated with parasympathetic fibers. Whereas parasympathetic fibers stimulate the ␤-cells to release insulin in response to circulating glucose, sympathetic activation inhibits insulin secretion from the ␤-cells. Persistently elevated glucose levels in the nondiabetic range may damage peripheral nerve fibers, thus stimulating sympathetic activity and decreasing parasympathetic control (31) (32) (33) . Thus, conditions of autonomic imbalance may result in impaired transport of blood glucose to the muscle cells, a negative feedback cycle that may continue as circulating glucose levels gradually increase. Additionally, sympathetically mediated catecholamine release increases circulating free fatty acids, which further contribute to the development of insulin resistance and diabetes (34, 35) . With the exception of the association between higher heart rate at baseline and incident diabetes, the associations between ECG indexes at baseline and incident diabetes were largely null. Our results with baseline measures were consistent with the modest (20%) statistically significant increase in the risk of developing diabetes with higher heart rate over ϳ8 years in the Atherosclerosis Risk in Communities (ARIC) study (7). Participants in the Coronary Artery Development in Young Adults (CARDIA) study with joint poor cardiorespiratory fitness and slower heart rate recovery after a graded exercise treadmill test were at a threefold increased risk for developing diabetes compared with those with faster heart rate recovery (8). Given the independent association between poor fitness and diabetes development (11, 12) , it is not surprising that the strongest and most consistent finding to date is the importance of fitness and an estimate of fitness such as heart rate in the development of diabetes.
Limitations of ECG measurements
The absence of an association between baseline HRV and incident diabetes in this study does not negate the possibility of an association but may be attributable to measurement error. HRV is a reliable estimate of autonomic function for use in population studies (21) . However, in a recent study of the repeatability of HRV measurements, Schroeder et al. (36) reported that the repeatability of a single measure of HRV from the 10-s ECG is low (SDNN r ϭ 0.41; rMSSD r ϭ 0.47). The authors recommended the use of the mean of several available recordings, which were not available in the present study. Heart rate-corrected QT duration is controlled in part by sympathetic nerve activity (37) . Longer QT intervals, representing higher sympathetic activity, have been related to glucose and insulin in cross-sectional studies (38) . Because other factors contribute to QT length, including heart rate, additional research using other methods to ascertain the sympathetic component of autonomic function is warranted.
In summary, we conclude that improved fitness and autonomic function may have contributed to the lower risk of development of diabetes in the lifestyle arm of the DPP compared with the metformin and placebo arms. Although we were unable to quantify the contribution or separate the effects of fitness versus autonomic function, this report provides further evidence that lifestyle changes that include increased physical activity improve physiologic parameters related to diabetes development.
